The paper reports on the dynamics of a 3-dimensional dusty plasma in a strong magnetic field. An electrostatic potential well created by a conducting or non-conducting ring in the rf discharge confines the charged dust particles. In the absence of the magnetic field, dust grains exhibit a thermal motion about their equilibrium position. As the magnetic field crosses a threshold value (B > 0.02 T), the edge particles start to rotate and form a vortex in the vertical plane. At the same time, the central region particles either exhibit thermal motion or E × B motion in the horizontal plane. At B > 0.15 T, the central region dust grains start to rotate in the opposite direction resulting in a pair of counter-rotating vortices in the vertical plane. The characteristics of the vortex pair changes with increasing the strength of magnetic field (B ∼ 0.8 T). At B > 0.8 T, dust grains exhibit very complex motion in the rotating torus. The angular frequency variation of rotating particles indicates a differential or sheared dust rotation in a vortex. The angular frequency increases with increasing the magnetic field from 0.05 T to 0.8 T. The ion drag force and dust charge gradient along with the E-field are considered as possible energy source for driving the edge vortex flow and central region vortex motion, respectively. The directions of rotation also confirm the different energy sources responsible for the vortex motion.
I. INTRODUCTION
One of the characteristic features of a dusty plasma is the strong Coulomb interaction among the nearby negatively charged dust particles. The interaction strength determines its dynamical behavior to the external forces. Therefore, the investigation of the response of the dust grain medium to the external forces such as electrostatic force, neutral drag force, radiation pressure force, thermophoretic force, Lorentz force is of great interest 1 . The external forces either affect the motion of dust grains directly or through the dynamics of the plasma species. External magnetic fields play a double role to control the dynamics of the dust grains, namely first through the Lorentz force acting on the plasma species (electrons and ions) and secondly through the Lorentz force acting on the dust particles.
The motion of electrons and ions in the external magnetic field (B) affects the dust particles via the Coulomb collisions among them, which has been proven theoretically as well as experimentally [2] [3] [4] . However, the Lorentz force acting on the dust grains in the presence of a magnetic field needs to be explored in more detail.
In recent years, a lot of effort has been made to study the dust dynamics in the magnetized plasma background. Maemura et al. 5 reported the transport of negatively charged particles in a DC discharge plasma when the applied magnetic field is perpendicular to the ambipolar electric field (E), which is a result of the E × B drift of the magnetized electrons. The role of the longitudinal magnetic field to the dust cluster confined in the electrostatic trap of the strata in a DC glow discharge has been studied in detail 4, [6] [7] [8] [9] [10] [11] [12] . In these studies, they observed the rotation of dust clusters about the discharge axis due to the E × B drift motion of ions. In a different DC discharge configuration, Sato et al. 13 studied a volumetric or 3D dusty plasma in the presence of a magnetic field. They demonstrated the role of the coupling among the charged particles to establish the rotational motion in the magnetized plasma.
Apart from DC discharges, a set of experiments have been performed in the magnetized RF discharges, where the RF sheath provides an electrostatic trap to the charged particles.
The experiments of Konopka et al. 14 and Huang et al. 15 have demonstrated the role of the manetic field on a 2D strongly coupled dust cluster, which exhibits a rigid and sheared rotation due to the E × B drift. The dynamics of a pair of grains in a planar 2D structure containing maximum 12 particles in the presence of a magnetic field has been studied by Cheung et al. 16 and Ishihara et al. 17 . The dust cluster rotation is supposed to be based on the E×B drift of the ions in the azimuthal direction of a cylindrical geometry. The azimuthal motion of ions transfers their momentum to the dust grains 2, 18 . The azimuthal motion of the neutral gas due to the drifted ions may also cause the dust rotation in the presence of a magnetic field 19, 20 . Instead of rotation, dust grains can also settle in the current filaments and show various kinds of patterns or ordered structures 21, 22 in the strong magnetic fields.
All these studies were performed for a 2D dust cluster or 2D dusty plasma in the presence of an external magnetic field. Only limited work on the 3D dusty plasma is performed inmagnetized DC and RF discharge plasmas 13, 23 . Saitou et al. 23 have observed the dynamic circulation of charged particles in a 3D dusty plasma in the presence of a magnetic field (B ∼ 0.2 T). However, more work is needed to explore the dynamics of 3D dusty plasmas in a strong magnetic field and is the aim of the present investigation.
Section II deals with the detailed description of the experimental set-up and the plasma and dusty plasma production. The dynamics of a 3D dusty plasma confined by conducting and non-conducting rings is discussed in Section III. The origin of the observed vortex flow on the basis of available theoretical models is discussed in Section IV. A brief summary of the work along with concluding remarks is provided in Section V.
II. EXPERIMENTAL SETUP
Experiments are performed in an aluminium vacuum chamber, which is placed at the center of a superconducting electromagnet (B max ∼ 4 T) to introduce a homogeneous magnetic field in the plasma (or dusty plasma). The magnetized dusty plasma device which has been used in the present study is shown in Fig. 1(a) . A schematic diagram of the experimental setup is presented in Fig.1(b) . More details about the superconducting electromagnet can be found in ref 24 . At first, the vacuum chamber is evacuated to base pressure p < 10 −2 Pa using a pumping system consisting of a rotary and turbo molecular pump. The experiments are performed with argon gas and the pressure inside the chamber is controlled by using a mass flow controller (MFC) and gate valve controller. For a given argon pressure, the plasma is ignited between an aluminium electrode of 65 mm diameter (lower electrode) and an indium tin oxide (ITO) coated electrode of 65 mm diameter (upper electrode) using a 13.56 MHz RF generator with a matching network. Both electrodes are separated by 30 mm and the upper transparent electrode is grounded along with the vacuum chamber. The special design of the lower electrode, having a ring-shaped periphery with a height of 2 mm and width of 5 mm, provides a radial confinement to the negatively charged dust particles which are levitated above the lower electrode. An additional conducting (aluminium) or non-conducting (Teflon) ring is used to create a 3D dusty plasma in a strong magnetic fieled. It has been observed that dust grains without an additional confining ring are lost from central region to the edge of lower electrode in the case of strong magnetic fields (B > 0.2 T). Many rings of different diameters (30 mm to 8 mm) and heights (2 mm to 4 mm) are tested for the present study. We have found a suitable ring of inner diameter 10 mm, outer diameter 20 mm and height 4 mm to create a deep electrostatic potential well. Morover, particle slection is also necessary to create a 3D dusty plasma at ground level experiments.
Our primary measurements with different sized Melamine Formaldehyde (MF) particles suggest to use particles of radius, r d 1.7 µm to create an appropriate volume of dusty plasma.
The vacuum chamber has 8 sides (or radial) ports. A dust dispenser, which is installed at one of the side ports of the vacuum chamber, is used for injecting the dust particles into the plasma. Two opposite side ports are used to observe the dusty plasma using a red laser and a CCD camera in the vertical plane. The CCD camera records images in the vertical plane (Y-Z plane) at 20 fps with a resolution of 1024 × 768 pixels. A CMOS camera is also installed to observe the dust dynamics through the transparent upper electrode in the horizontal plane (X-Y plane) at a frame rate of 90 fps and with a resolution of 2048×2048 pixels. A full view of the dusty plasma in the vertical (Y-Z) plane at X = 0 cm is shown in 
III. DUST DYNAMICS IN THE PRESENCE OF MAGNETIC FIELD
The role of an external magnetic field on the dusty plasma has been explored by performing experiments using a conducting (aluminium) and non-conducting (Teflon) ring, which creates a deep and shallow potential well to confine the negatively charged dust particles. There are limitations to diagnose a large volume dusty plasma using the laser sheet, therefore, the dynamics of the dust grains in a vertical and horizontal plane are studied to understand the dynamics of the 3D dusty plasma. The detailed results are discussed in the Superconducting electromagnet (a) Vacuum chamber (11) (
(1) following subsection.
A. Dynamics of the dusty plasma confined by a conducting ring
An aluminium ring modifies the potential distribution in the sheath region of the lower electrode 27 . It is known that charged particles follow the equipotential contour to achieve an equilibrium position. Therefore, particles are confined in a bowl shaped potential well created by the aluminium ring. Experiments are carried out at an argon pressure of p = reduces and the particles also exhibit a complex vortex motion which is difficult to dianose with 2D optical diagnostics. It is also noticed that the levitation height as well the dust cloud width decrease at higher magnetic fields, which is an indication of the reduction of the sheath region.
To investigate the details of the velocity distribution and angular frequency (ω) of rotating These PIV images are constructed using an adaptive 2-pass algorithm (a 64× 64, 50% overlap followed by a 32× 32, 50% overlap analysis). The contour maps of the average magnitude of the velocities are constructed after averaging the velocity vectors of consecutive 50 frames.
In the color map of the PIV images, the direction of the velocity vector represents the direction of rotating particles in the dust grain medium. Colour bars show the magnitude of field. This is the signature of a differential or sheared rotation of the particles in the vortex.
The angular frequency of the rotation increases with increasing external magnetic field at a given radial location from the center of the vortex, as shown in Fig. 6 . It is also clear from of the helical type of motion in a dust torus. It is well known that the dust-dust interaction strength, which is termed as Coulomb coupling, is required to continue (or create) the vortex flow. In the case of weak coupling, dust grains do not show a collective response to external or internal forces. In our case, the particles levitated in the strong electric field of the sheath or the deep potential well (see Fig. 2(b) ) seem to be weakly coupled because they do not participate in the vortex flow. These particles are acted upon by the ion drag force in the azimuthal or E r ×B direction and rotate in the horizontal plane, as shown in Fig. 8 .
Details about such a 2D dust rotation due to the E×B drift have been explained in earlier studies 2, 7, 13, 14 . 
B. Dynamics of the dusty plasma confined by an insulating ring
In the previous subsection, dust grains were confined in a deep potential well above an aluminium ring, which has the same potential as the lower electrode. In the deep potential well, we have seen mixed motions of weakly and strongly coupled dust grains. Does the dusty plasma show a similar kind of motion when they are confined in a shallow potential well? Is it possible to get both phases of dusty plasma in shallow potential well? To answer these questions, a set of experiments is carried out in a dusty plasma which is confineds by a non-conducting (Teflon) ring. Fig. 9 shows the dynamics of the dusty plasma created The average angular frequency of dust grains in the edge vortex (V-I) and central region vortex (V-II) is presented in Fig. 10(a) and Fig. 10(b) , respectively. It is clear from Fig. 10 that the angular frequency ω decreases from the center to the outer edge of the vortices, which is a signature of the differential rotation. At given location of the vortex structure, the value of ω is observed to be higher at high magnetic field, showing the increase of ω with increasing external magnetic field. It is also clear from Fig. 10 that particles in the edge vortex always have a higher value of ω as compared to the central vortex at a given value of the magnetic field. Moreover, the particles confined in the potential well of the conducting ring have a higher angular frequency than in the case of the non-conducting ring.
IV. DISCUSSION
The rotating dust grain medium in the external magnetic field can be described by the Navier-Stokes equation with the continuity equation of an incompressible fluid of constant mass density
where
where ρ = m d n d is dust mass density, n d is the dust density, m d is mass of the dust grain, η is the kinetic viscosity of the dust grain medium, and v d is the dust velocity. In the second equation, F E , F g , F i , F n , F th are the electrostatic force, gravitational force, ion-drag force, neutral drag force and thermophoretic force, respectively. The present set of experiments are carried out at an argon pressure of 35 Pa and the dust density n d varies between 10 4 to 10 5 cm −3 . Therefore, the dust-neutral collision frequency ν dn dominates over the dust-dust collision frequency ν dd . In such cases, the dust viscous force (η∇ 2 v d ) is less dominant than the neutral drag force (F n ) for the dissipation loss during the steady vortex motion. For given discharge conditions and observed results, the Lorentz force on the dust grain is of the order of 10 −18 to 10 −20 N which is negligible compared to the external force F . The vortex motion in the dust grain medium can be described by the vorticity equation, which can be deduced from equation (1) after taking the curl of both sides 28
where ω = ∇ × v d is the vorticity of the rotating dust grain medium. Since the input power is low (P = 3.5 W), the role of thremophoretic force to the rotational motion is considered to be negligible. ∇ × ∇p and ∇ × F g are zero, hence, equation (3) reduces to the form
For the stationary two-dimensional (2D) vortices in a incompressible dusty plasma, equation (4) can be expressed as 28
The electrostatic force on a dust grain of charge Q d in the electric field of the sheath is given as F E = Q d E. Since ions are streaming in the direction of electric field, the ion drag force can be written as F i = F iÊ . Here F i represents the magnitude of the ion drag force on the dust grain. In the present set of experiments, there is no directed gas flow inside the chamber. Thus, neutrals provide a frictional background to resist the motion of the dust grains. According to Epstein friction 29 , the neutral friction experienced by the dust grains
Here, ν dn is the dust-neutral friction frequency. After substituting the values of these forces in equation (5), we get the following expression
In this equation, the L.H.S terms are the energy source for driving the vortex motion and the R.H.S term corresponds to the energy loss during the vortex motion. Thus, for maintaining a stationary vortex flow in the dusty plasma, the energy gain by particles must be balanced by the energy loss. It is clear from equation (5) that the charge gradient and ion drag gradient along with the electric field are possible energy sources to drive the vortex motion.
The charge gradient arises due to the inhomogeneity in the background plasma of the dust grain medium 30, 31 . For the ion drag force on the dust grain we take 32
where M i , T i , and n i denote the mass, temperature and density of ions, respectively. v i >> v d is the average ion velocity (ion drift velocity), k B is the Boltzmann constant, z = Z d e 2 /r d T e is the dimensionless charge of the dust particle, where Z d is the dimensionless grain potential in units of T e /e, τ = T e /T i is the electron-to-ion temperature ratio, and Λ is the modified Coulomb logarithm integrated over the ion velocity distribution function 32 . It is clear from equation (7) that the ion density and velocity are two major variables to determine the magnitude of ion drag force (F i ), hence, the ion drag gradient (∇F i (E)) depends on n i and v i in the sheath region of the ring electrode.
In the absence of magnetic fields, the dust grains exhibit a thermal motion in the potential well (Fig. 2) . The ion density and velocity gradient, which determine the magnitude of the ion drag gradient (∇F i (E)) near the edge of the ring (or edge of the potential well), are not sufficient to drive the vortex flow. With the application of a magnetic field, the time-averaged electric potential distribution in the sheath region of the ring is modified which increases the radial electric field in the sheath region of the ring 33 . At low magnetic field (B < 0.2 T) the plasma density or ion density increases due to the magnetization of electrons. The increase of the ion current to a cylindrical probe placed at the center as well as near to the edge of the ring (see Fig.11 ) is an indication of the ion density increment at low magnetic field. The radial electric field ( v i = µ i E r ) and ion density increase the radial ion shear flow driving the vortex flow in the presence of the electric field (E z ) against the dissipation loss by neutrals 28, 34, 35 . The reduction in size of the modified potential distribution region 33 (or sheath region of ring electrode) directly relates to the size of the edge vortex. In our observations, we see a reduction in size of the edge vortex (see Fig. 4 ) which confirms the formation of a thin sheath or a higher electric field in the sheath of the ring. Thus. a higher magnetic field strength increases the ion drag gradient resulting in the formation of a vortex flow in the vertical plane or a rotating torus in the 3D dusty plasma. A schematic representation of the direction of the rotating particles due to the shear in the ion drag force along with electric field is shown in Fig. 12 . In our experiments, the direction of the edge vortex flow (see Fig. 3 and Fig. 9 ) is found to be similar to that predicted by theory At B > 0.15 T, ions start to be magnetized and electrons are fully magnetized. The magnetic field reduces the plasma loss to the ring electrode, hence, the density of the plasma confined in the ring electrode increases. Increase in the ion current to a cylindrical probe placed at center as well as near to edge of the ring indicates the increase in plasma density at higher magnetic field (see Fig.11 ). It has been demonstarted in simulation 41 that ion current in the presence of magnetic field falls below the unmagnetized value if the ionization due to B is ignored. In our experiments, we also observe the either reduction of ion current or nearly constant between B ∼ 0.04 to 0.15 T (see 11) due to less effect of B on ionization processes. After B > 0.12 T, the increase in ion current at given discharge condition is a signature of the plasma density enhancement. In the experiment, the glow intensity of the ring confined plasma is observed to increase in the strong magnetic field regime. The plasma glow and ion current variation towards higher magnetic field indicate the increase in the ion density. The density is expectedto be larger near the edge of the ring and less towards the center of the ring, which is seen in Fig.11 . Since ions are not drifting in the opposite radial direction, therefore, the role of ion shear flow to excite the rotational motion is assumed to be less dominant than the dust charge gradient. The grain charge is determined by the balance of electrons and ions flux to its surface 40 . A reduction of the electron flux makes its surface less negative but, on the othr hand, a smaller ion flux makes its surface more negative 42 . There are two possible mechanisms to create a spatial dust charge variation in the radial direction. First, the dusty plasma has a higher ion density near the edge of the ring, where the dust grains may collect more ions than at the central region where the ion density is less. Secondly, the electron temperature is expected to be lower near the edge than 
V. SUMMARY
The present work highlights the collective dynamics of a 3D dusty plasma in the presence of an external strong magnetic field. The 3D dusty plasma is created in a capacitively coupled discharge by placing an additional conducting or non-conducting ring of a specific diameter and width on the lower electrode. The observed results of the reported work are summarised as:
1. A 3D dusty plasma in a strong magnetic field can be created using an additional conducting or non-conducting ring of a particular diameter and width in an RF discharge.
2. The magnetic field deepens the confining potential well creating a gradient in the plasma density. Hence, the ion shear flow or ion drag gradient drives the vortex motion of the dust grains.
3. At higher magnetic fields (B > 0.15 T), ions are magnetized and their density increases in the potential well. To maintain quasi neutrality, the electron density also increases.
Thus, the magnetic field creates an inhomogeneous plasma in the confining potential well for B > 0.15 T. The plasma inhomogeneity is responsible for the dust charge gradient, which along with the electric field drives the vortex motion.
4. The angular frequency has a radial dependence which suggests a differential or sheared rotational motion in the vortices.
5.
The magnetic field enhances the angular frequency of the rotating particles in the vortex. Particles in the potential well of the conducting ring have a higher angular frequency than that of the non-conducting ring.
The formation of the edge vortex is discussed on the basis of a radial ion shear flow or ion drag gradient together with the electric field in the presence of an external magnetic field. Weakly coupled particles rotate in the azimuthal direction due to the E × B drift of the ions in this plane. The onset of the vortex motion of the central region particles at higher magnetic field is understood by the presence of a dust charge gradient along with the electric field. The direction of the rotational motion in the vortices also supports the qualitative description of the vortex formation in the presence of a magnetic field.
There are challenges to diagnose the dusty plasma in the presence of strong magnetic fields using electrostatic probes as well as spectroscopy. For getting a better understanding of the collective dynamics of strongly magnetized dusty plasmas, computer simulations for such plasma systems are necessary. In the future, we plan numerical simulations to understand the presented experimental results in more details.
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